This paper provides an input-output method to estimate worldwide economic impacts generated by supply chain disruptions. The method is used to analyse global economic effects due to the disruptions in the automotive industry that followed the Japanese earthquake and the consequent tsunami and nuclear crisis of March 2011. By combining a mixed multi-regional input-output model, the World Input-Output Database (WIOD) and data at the factory level, the study quantifies the economic impacts of the disruptions broken down by country and industry.
Introduction
The earthquake measuring nine degrees on the Richter scale that struck Japan on the 11 th March 2011, the tsunami that followed and the subsequent nuclear crisis significantly affected the Japanese and global economies. The Cabinet Office of Japan estimated that rebuilding of infrastructure, housing and other Japanese facilities ravaged by the earthquake and tsunami will cost around ¥16.9 trillion (US$210 billion, 3.8% of Japan's GDP). This amount does not include the damage from the nuclear crisis (Ranghieri and Ishiwatari, 2012) . In addition, the structural damage coupled with electricity shortages reduced Japanese production capacities, affecting the international production chain and extending the economic impacts largely beyond the national borders.
The impacts of natural disasters on manufacturing industries may result in a production bottleneck affecting other sectors and countries via the reduction in the demand for intermediate inputs or by the reduction in the supply of intermediate outputs (Okuyama and Sahin, 2009 ).
This was the case for the Japanese transport equipment industry (TEI) in the aftermath of the earthquake. According to the data provided by the Japanese Ministry of Economy, Trade and Industry, the production of the Japanese TEI decreased by 50% between February 2011 and April 2011, thus generating reactions worldwide. The impacts due to the disruption of the supply chain of key components produced by the Japanese TEI were especially relevant in this case. On the one hand, Japan holds a strategic and leadership role in the global TEI, especially as a supplier of key parts for motor vehicle factories located worldwide. Some of these components are very specific and cannot be supplied by any other company in the short term.
On the other hand, the automotive industry is characterized by the just-in-time production strategy, aimed at reducing inventory costs by lowering stocks of components. Thus, the possibility of using inventories to overcome supply disruptions was rather limited. As a consequence, the reduction in Japanese exports of key components for the automotive industry generated drops in the global production of vehicles; for example, Toyota, Honda, Opel, Nissan and General Motors froze their production immediately after the earthquake, with losses of US$72 million a day (Autonews, 2011) . According to IHS Global Insight, a global consulting firm, around 2.8 million vehicles (equivalent to 4.7% of world car production in 2010) were foreseen for production but were in fact not produced. 1 million of these vehicles should have been produced outside Japan (Robinet, 2011) .
The impact of the disruption on the supply chain was transmitted to other upstream industries connected to the TEI, such as the production of basic metals, fabricated metals and 3 rubbers and plastics. This domino effect spread rapidly around the world, highlighting the vulnerability of the global economy to supply disruptions due to natural disasters.
The complex and increasing connections that currently exists among countries and production chains make it difficult to quantify the global impacts generated by unexpected events. The lack of up-to-date international databases able to capture the trade relationships between countries and sectors, and the consequent limited use of multi-regional models have so far made it very difficult to carry out any kind of estimation of the cascading effects resulting from disruptions in the international supply-demand chain. For this reason, most of the studies published on the economy-wide impacts of the Japanese disaster only account for the impacts in Japan (e.g. Kajitani et al., 2013) . Thus, large uncertainties still exist in the quantification of its worldwide economic effect.
In an increasingly interconnected world, however, the quantification of the global economic impacts of unexpected local events and the identification of how they transfer to other regions become of primary importance in order to reduce the vulnerability of modern economies to natural disasters. In particular, the increasing frequency and magnitude of natural disasters and extreme events, generated by global warming and environmental stress, make risk management and recovery strategies a priority both at national and international level (Mirza, 2003) . For these reasons, there is an urgent need for multi-regional models and databases able to include a fully-fledged description of international trade and supply chains.
In this paper, a mixed multi-regional input-output model (MRIO), the EU-funded World Input-Output Database (WIOD) and data at the factory level are used to quantify the worldwide economic impacts generated by the disruption in the international supply chain of the TEI generated by the Japanese disaster of March 2011. The paper is structured as follows: Section 2 describes the mixed MRIO model used in this paper and the data sources, Section 3 presents the results and Section 4 covers the discussion.
Methodology and data

Methodology
A vast variety of input-output (IO) models have been used to estimate the economic impacts generated by unexpected events such as disasters or natural catastrophes (Okuyama et al., 1999 Okuyama, 2004 Okuyama, , 2010 Santos and Haimes, 2004; Veen and Logtmeijer, 2005; Hallegatte, 2008; Rose and Wei, 2013; Okuyama and Santos, 2014) , energy constraints (Kerschner et al., 4 2009; Arbex and Perobelli, 2010) or financial crises (Yuan et al., 2010) . Moreover, a plurality of IO risk-based models, for example the inoperability input-output model (IIM) and its derivative (DIIM), has also been used to analyse the recovery of sectors and evaluate risk management strategies (Haimes and Jiang, 2001; Jiang and Haimes, 2004; Santos and Haimes, 2004; Lian and Haimes, 2006; Barker and Santos, 2010) . However, although some of these studies have estimated the inter-regional impacts of disasters ( Okuyama et al., 1999; Yamano et al., 2007; Okuyama, 2010; Jonkeren and Giannopoulos, 2014) , most of them have a single country/regional perspective and do not include the intra-country/regional impacts produced by the existing links through international trade. Moreover, despite the increasing number of international supply chain disruptions due to major natural disasters (e.g. the 2011 Japanese earthquake or the Thai floods of 2011) limited empirical evidence on their global effects is available (Leckcivilize, 2013) .
One of the reasons for the lack of interregional analyses might have been the absence of publicly available and up-to-date MRIO databases. As mentioned before, the EU-funded project
World Input Output Database (WIOD) (Dietzenbacher et al., 2013) has now largely filled this gap and opens the door for the use of MRIO models for estimating worldwide economic impacts of unexpected events.
The MRIO model used in this study is a mixed IO model in which the exogenous shocks can be either final demand changes or changes in gross output levels (see Miller and Blair, 2009, pp. 621-633 , for a detailed description of this type of models). These models have often been applied in empirical studies to analyse the economy-wide effects of a reduction in the demand for intermediate inputs due to constraints in the output of a sector (Steinback, 2004) .
In this study, we extend the scope of the standard mixed MRIO to also calculate the impacts due to the reduction in the intermediate outputs (i.e. disruptions in the supply chain) resulting from a constraint in the output of a sector.
First, we show the standard formulation of the mixed MRIO model for capturing the impacts in the different sectors of the economy resulting from the reduction on the intermediate demand of a sector derived from a constraint in its output after an external shock. Second, we explain how to calculate the impacts derived from the disruption in the supply chain of a sector by combining the mixed MRIO model with information on the first round impact on the sectors directly affected by the disruption on the supply chain.
Standard mixed MRIO model
In order to summarize the standard mixed MRIO model used in this paper, an explanatory case is presented for two regions (R, S) with two sectors (1, 2) producing goods that can be sold as intermediate inputs or as final products. Since both regions are opened to external trade, their domestic production can be consumed within the region and/or abroad. The relationships between the production and the consumption activities in the two regions can be expressed as depicted in Figure 1 , where the element Finally, by rearranging terms in equation [5] we find: which can also be expressed as
where xno represents the endogenous total output of the non-constrained sectors 1 and 2 in region R and the endogenous total output of sector 1 in region S; S y 2 stands for the endogenous total final demand of regions R and S of the constrained sector (i.e. sector 2 in region S); S x 2 indicates the exogenous total output of the constrained sector (sector 2 in region S); and yno depicts the exogenous final demand of regions R and S for the goods produced by sectors 1 and 2 in region R, as well as that of sector 1 in region S.
Following Miller and Blair (2009, pp. 623-624) and using results on partitioned matrix inverses, it can be shown that:
is the Leontief inverse for a model consisting of the three non-constrained sectors.
1 From [6] and [7] , it follows that the output of the non-constrained sectors is given by which can also be expressed as 1 The exact values of b1, b2 and b3 are not relevant for our analysis.
2 These equations can be generalized to a context with m sectors and n countries. Moreover, the number of supplyconstrained sectors can also be expanded.
of equation [9] translates the reduction in the output of the constrained sector into changes in its demand for inputs from non-constrained sectors, and the inverse of the nonconstrained sectors converts input demand into total necessary gross output from those sectors.
In other words, equation [9] computes the direct and indirect backward impacts in terms of changes in the output of the non-constrained sectors due to changes in the intermediate demands of the constrained sector. For instance, applying this model to the assessment of the effects of the reduction of the TEI's output in Japan, we would obtain the direct and indirect reduction in the output of all the sectors involved in supplying intermediates to the Japanese TEI.
In addition, we can also calculate the effects in terms of value added. For that purpose, we define the value added coefficients as
. Thus, the backward impact in the value added of the non-constrained sectors due to a shock in the output of the constrained sectors will be given by the following expression:
This backward impact can be split into two components: 
Mixed MRIO model with information on the first round impacts of the disruption on the supply chain
The standard mixed MRIO model represented by expression [6] is valid for calculating the backward effects derived from a constraint in the output of a sector. However, it does not compute the effects resulting from the reduction in the intermediate outputs delivered to other sectors and the subsequent indirect effects. For instance, it would not include the reduction in the output of the non-Japanese TEI companies using components produced in Japan (supply chain disruption initial effect in Figure 3 ) and the subsequent impacts in the sectors directly and indirectly involved in the supply chain of the non-Japanese TEI (supply chain disruption backward direct and indirect effects in Figure 3 ).
Moreover, it is well-known that in IO models sectors and products are treated as homogenous (each sector produces one single commodity) and that there is no substitution between inputs. Accordingly, the impacts of the reduction in the exports of a constrained sector would be the same in all the importing companies of a sector regardless of the product actually imported. However, this assumption does not work in the real world, especially in some specific sectors such as the TEI, in which the impacts will be highly dependent on which component is in short supply and to what extent it can be substituted. In the case of the disruption of the supply chain of the TEI following the Japanese disaster, there is evidence that the impact was limited to some specific factories that were using specific Japanese components (see Robinet, 2011 ). ***INSERT Figure 3 ABOUT HERE*** Nevertheless, these shortcomings of IO models do not mean that they cannot be used to assess the effects of disruptions of supply chains. In order to overcome the abovementioned limitations, we suggest exogenizing the output of those sectors downstream directly affected by the disruption of the supply chain. The underlying idea to this approach is to incorporate real data on the first round effects in non-Japanese TEI due to the supply chain disruption into the analysis to compute the subsequent backward impacts in all the other sectors involved in the supply chain of the non-Japanese TEI. 4 This approach ensures that the first round downstream effects of the shock matches real data and, consequently, the indirect effects are calculated with a higher degree of accuracy. In addition, as the changes in the output of the transport equipment sector match the real data, the possibility of substitution of Japanese inputs is, to some extent, implicitly taken into account. For example, if the disrupted Japanese components were supplied by other countries, the production of the factories using those inputs and the rest of their suppliers would not be affected. The use of actual production data would allow these substitution effects to be captured because they record the net reduction in the output. However, in order to estimate the positive impacts in the new suppliers, further information would be needed.
The implementation of this approach for the calculation of the impacts due to the disruption of the supply chain in our two-region -two-sector model implies treating the output of sector 2 in regions R as an exogenous variable. The shock in the output of sector 2 in region R would capture the first round downstream effect on the same sector of the other country directly affected by the disruption (non-Japanese TEI using components of the Japanese TEI).
Thus, the change in the value added of the non-constrained sectors due to a shock in the output of the constrained sectors will be given by: where the elements of
K are derived similarly to those of
L . Thus, this approach will enable to capture the impacts due to the disruption of the supply chain and the subsequent constraint in the output of sector 2 of region R (see Figure 3) . These impacts can be decomposed into three types: 
Data
We have used equations In addition, in order to run the model, information on the reduction of the output of the TEI (exogenous variables) is needed. One data source could be the change in the industrial production reported by national statistical institutes. However, these data do not show the extent to which the change in production levels is the consequence of the shock on the TEI.
The option that we have used consists of using micro data on the actual impact of the shock. Just a few months after the Japanese disaster, some reports were published assessing the 13 detailed impacts of the disruption on the supply chain in the car industry all over the world. In June 2011, (Robinet, 2011) but now the number of constrained sectors includes all the other countries in which the output of the TEI was affected by the disruption in the supply chain (see 5 th column of Table 1 ). ***INSERT Table 1 ABOUT HERE***
Results
As a consequence of the catastrophic events that struck Japan in March 2011, the Japanese TEI reduced its output by 4.7% (column 7 of Table 1 ), causing a reduction in the value added of that sector of US$25 billion (column 2 of Table 2 ). This event also had consequences for the different steps of the supply chain of the TEI all over the world, generating additional losses of 14 US$114 billion (Table 2 , columns 3 to 7). Thus, the total reduction in the global value added totaled US$139 billion (Table 2 , column 8), equivalent to 0.23% of world's value added in 2010. ***INSERT Table 2 ABOUT HERE*** All the regions analyzed suffered negative effects in terms of value added. In particular, Japan absorbed 39.5% of the total impact, with a reduction of the value added of US$54.9 billion (-1%). Excluding Japan, the United States was the country with the largest reduction in value added (US$35.1 billion and 25.2% of total losses). China was also seriously affected by the disruption in the supply-production chain, with an aggregated reduction in the total value added of US$11.1 billion (8% of the total losses). It is also worth pointing out the reduction in the value added of the EU (US$10.4 billion) and Canada (US$10.1 billion). Within the EU, the United Kingdom (US$4.3 billion), Germany (US$1.5 billion) and France (US$1.5 billion) were the countries with the largest value added losses. In relative terms, apart from Japan, Canada suffered the largest drop in the value added (-0.69%), followed by Indonesia (-0.4%), the United States (-0.24%), the United Kingdom (-0.21%), Australia (-0.18%), China (-0.18%), Mexico (-0.16%) and Taiwan (-0.16%).
Columns 3 to 7 of Table 2 show the impacts on the value added of the different countries according to the step of the supply chain in which they were generated. On the one hand, many companies supplying components directly to the Japanese TEI were forced to stop their production processes, with losses in terms of value added of US$24.6 billion (column 3), of which 95% were generated in Japan. In addition, other sectors indirectly involved in the supply chain of the Japanese TEI faced losses of US$11.8 billion (column 4), of which 61% were suffered by non-Japanese countries.
Meanwhile, the reduction in the output of the Japanese TEI and the subsequent disruption in the global supply chain of the sector generated important impacts worldwide. The value added of non-Japanese TEI fell by US$24.5 billion (column 5) and the value added of the sectors directly and indirectly supplying components to non-Japanese TEI decreased by US$30.6 billion and US$22.7 billion respectively (columns 6 and 7).
Comparing the share of the different effects over the total impact, we can conclude that the impacts of the disruption of the supply chain are the most relevant, with a contribution to the total reduction in the value added of 55.9%, followed by the standard backward (26.1%) and initial effects (17.9%). Table 3 shows the change in the value added broken down by sector. The TEI absorbed most of the reduction in the total value added (36.6%), followed by renting machinery and equipment services and other business activities (10.1%), manufacture of basic metals and fabricated metals (8.2%), wholesale trade (7.1%), and financial intermediation (4.4%). These five sectors accounted for two thirds of the total losses. Unsurprisingly, TEI was also the sector with the largest reduction in its value added (-5.5%) followed by manufacture of basic metals and fabricated metals (-0.82%), rubber and plastics (-0.75%) and electrical and optical equipment (-0.39%). All the remaining economic sectors suffered smaller impacts in terms of value added.
***INSERT Table 3 ABOUT HERE***
Discussion
This study presents the first attempt to quantify the worldwide economic impacts generated by the disruption of the supply chain of the transport equipment industry (TEI) that followed the Japanese disaster of March 2011. The use of a mixed multi-regional input-output (MRIO) model together with information on the first round downstream effects, and the World InputOutput Database (WIOD), allows the estimation of the cascading effects generated worldwide by the disruption to the TEI's supply chain. These cascading effects include the total backward effects in the sectors and countries providing components to the Japanese TEI, the impact in the non-Japanese TEI affected by the disruption in the intermediate deliveries of key components from the Japanese TEI, and the subsequent cascading effects in all the other sectors supplying components to the non-Japanese TEI. Results show that the initial impact on the value added of the Japanese TEI was US$24.5 billion. However, when the cascading effects generated in other economic sectors are accounted for, the total reduction in global value added rises to US$139 billion. Supply chain disruption effects made up more than a half of the reduction in the value added, while the backward impacts and the initial impact in the Japanese TEI accounted for 26.1% and 17.9% respectively.
The results also show the relevance of taking the impacts from a global inter-regional perspective into account. Thus, while Japan suffered around 40% of the total impact, the rest of the world bore almost 60%, with the United States (25% of total impact), China (8%), the European Union (8%), and Canada (7%) the most impacted regions. The WIOD covers 35 sectors, and includes only one transport equipment manufacturing industry (which includes the production of many different transport vehicles and parts). Thus, the results derived from the analysis should be interpreted as indications. Nevertheless, the increasing globalization of the international supply-production chain and the large interconnectivity of the different economies certainly contribute to increase the vulnerability of regional economies to any kind of disaster occurring anywhere in the world (Yamano et al., 2007; Barker and Santos, 2010; ) . Thus, the results of these studies could be useful for decision making in many different areas such as risk management strategies (diversification of suppliers), logistics and production organization strategies (especially inventories management).
Although the model used is suitable for computing the effects of disruptions in the supply chain, it shows some shortcomings. It is able to capture most of the impacts generated by the disruption of the supply chain, but not all. For instance, the impacts generated in other sectors besides the TEI, but using inputs from the TEI sector, would not be captured (e.g. automotive repair and maintenance sector), although these impacts are relatively small compared to the ones already captured by the model (e.g. in the case of Japan, 90% of the intermediate output of the TEI is used by the Japanese and foreign TEI). In addition, the supply chain effect computed by the model also includes some of the backward effects derived from the reduction in the intermediate demand of the Japanese TEI (i.e. part of the impact in the non-Japanese TEI could be due to the reduction in the demand for intermediates from the Japanese TEI) This would be the case for the non-Japanese TEIs affected by the disruption in the supply chain that are also suppliers of inputs to the Japanese TEI. However, in this case study, the Japanese exports from foreign TEI are 3.5 times higher than the imports and it would be expected that only a fraction of the impact computed as supply chain would actually be backward. Finally, although the model explicitly computes the feedback loops between all the sectors involved in supply chain of the TEI, it does not explicitly capture the feedback loop within the TEI worldwide. However, this effect is implicitly accounted for in the initial effect, which covers the total reduction in the production of the TEI.
In recent years, computable general equilibrium (CGE) models are becoming more popular for disaster impact analysis. Unlike IO models, CGE models are non-linear, can respond to price changes, can accommodate input and import substitutions, and can explicitly handle supply constraints (Okuyama and Santos, 2014) . However, these advantages with respect to IO models may turn into disadvantages when assessing the disruption of the supply of key components that, in the very short run, cannot be supplied by any other producer, and therefore, all the adjustments in CGE-models cannot take place completely. In this sense, CGEs could be considered too flexible for the assessment of disruption in the supply chain of key components, while the rigidity and simplicity of the mixed MRIO model would represent an advantage in this case. -24,964 -24,565 -11,789 -24,530 -30,551 -22,687 -139,086 100.00%
Source: own elaboration. Note: I: initial; BD: backward direct; BI: backward indirect. The standard effect includes the indirect impact in the Japanese TEI industry and the resulting from the reduction in its demand for intermediates. The supply chain disruption effect include the impact in the non-Japanese TEI affected by the disruption in the intermediate deliveries of the Japanese TEI, and the subsequent cascading effects in all the other sectors supplying components to the non-Japanese TEI. Source: own elaboration.
